We report a two-step dip-coating approach to fabricate self-assembled monolayers of platinum nanocrystals (SAM-Pt) of particle size ~3 nm uniformly deposited on a transparent conducting oxide (TCO) surface to serve as a counter electrode (CE) for dye-sensitized solar cells (DSSC). In the first step, we prepared a polyol solution containing H2PtCl6 and ethylene glycol at 110 C with the reduction kinetics controlled on adding NaOH in varied proportions. In the second step, we immersed a thiol-modified TCO substrate into that polyol solution with mono-dispersed Pt nanoparticles prepared at pH 3.7 near 295 K to complete the nanofabrication. The DSSC devices using Z907 dye as a photosensitizer and the CE prepared according to this SAM-Pt approach attained notable photovoltaic performance (= 9.2 %) comparable to those fabricated with a conventional thermal decomposition method (= 9.1 %) or a cyclic electro-deposition method (= 9.3 %) under the same experimental conditions. We emphasize that the SAM-Pt films feature a clean surface, uniform morphology, narrow distribution of size, small Pt loading and great catalytic activity; the present approach is hence not only suitable for DSSC but also applicable for many other energy-related applications that require platinum as an efficient catalyst.
Introduction
Dye-sensitized solar cells (DSSC) are promising devices for energy conversion to generate clean renewable energy and to diminish emissions of greenhouse gases with the advantages of low cost, simple processing and efficient performance.
1,2 Efficiencies () of power conversion from light to electricity greater than 11 % have been obtained with ruthenium complexes [3] [4] [5] [6] and zinc porphyrins 7, 8 sensitized on nanoporous TiO2 films as photoanodes, I  /I3  or Co  /Co 3 redox couples as electrolytes, and platinized conducting glass as counter electrodes (CE). Figure 1 shows the major components of a DSSC and the reactions of the iodine-based electrolyte related to the two electrodes. To sustain large photocurrents flowing throughout the device, CE materials with superior electrocatalytic ability, such as platinum (Pt), are utilized to activate the iodine reduction reaction (IRR). This reaction converts the triiodide anions (I3   into iodide anionsI  at the CE/electrolyte interface to provide sufficient I  species to regenerate the oxidized dye molecules, as indicated in Figure 1 . The great cost of the Pt-based CE is, however, a major concern hindering the commercialization of DSSC. Recent developments put efforts to replace platinum with other materials as cheap alternatives for CE. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Although some inorganic compounds possess a catalytic activity similar to that of Pt, a deposition of thick films and nanostructures imbedded in a threedimensional matrix are typically required to achieve that similar catalytic performance, which result in an adhesion issue and opaque behavior of CE. 13, 14 Platinum remains considered to be the most adequate material for counter electrodes, and the most promising devices with record efficiency of power conversion are made of platinized CE. [6] [7] [8] The design of catalysts for counter electrodes of DSSC should be guided by the following five important characteristics: (i) excellent catalytic activity and large surface area to enhance the electrocatalytic performance; (ii) great electrical conductivity to decrease the series resistance; (iii) small cost beneficial for mass production; (iv) low-temperature processing suitable for flexible devices; (v) excellent mechanical rigidity (adhesive strength) to improve the enduring stability, especially for flexible devices. To fulfil these requirements, several strategies have been applied.
For example, thermal decomposition (TD) and sputtering deposition (SD) are two standard methods to prepare a thin layer of Pt on a transparent conducting oxide (TCO) substrate as CE. TD requires subsequent annealing at a high temperature, which makes it infeasible for flexible devices;
SD requires processing under an ultrahigh vacuum condition with much Pt wasted in the chamber, which makes it unfavorable for mass production. The redox reactions involved in the interfaces between the electrolyte and the two electrodes are dye regeneration (DR; left red traces) and iodine reduction reaction (IRR; right green traces). The central yellow circle highlights the surface structure for the counter electrode consisting of a selfassembled platinum monolayer (SAM-Pt) film. 20 employed tetraoctyl ammonium bromide (TOAB) and n-dodecylmercaptan as capping agents to synthesize Pt nanoparticles of size ~5 nm as CE materials for DSSC. In these methods, annealing at a high temperature (typically above 300 C) was required to remove the organic protecting species, to solve the problems of the originally poor electron transfer and adhesion properties at the interface between Pt and TCO. Under such a thermal treatment, the shapes and the sizes of the nanostructures are difficult to control because of their deformation or aggregation at high temperatures. Although Ouyang and co-workers 23, 24 reported a polyol reduction to prepare Pt CE for DSSC at temperatures 160-180 C, it is difficult to prepare the thin layer of Pt nanostructures with uniform morphology and distribution of size on TCO near 295 K, in particular to encompass the advantages of excellent electrocatalytic function, large active surface area and effective adhesion to the substrate. As highlighted in Figure 1 , in the present work we demonstrate a feasible strategy to prepare self-assembled platinum monolayers (SAM-Pt) on the surface of TCO in two steps without adding surfactant or protective agent; the post-heating is thus avoided.
Scheme 1.
Schematic representation of the fabrication of platinum nanoparticles self-assembled on the surface of an FTO substrate according to a two-step dip-coating procedure.
Results and Discussion

Surface modifications for self-assembled Pt monolayers on TCO
The concept to prepare a thin Pt film of SAM nature involves modifying the surface of TCO with specific functional groups that strongly interact with the uniform Pt NP prepared beforehand in a polyol solution. Scheme 1 summarizes all major steps for the preparation of a SAM-Pt film on a TCO substrate through two modifications of the surface. First, the TCO substrate was cleaned in a hot 'piranha' solution to generate active hydroxyl group (OH) on the surface. The left bottom panels of Scheme 1 show the contact angles of water on the TCO substrate decreasing from 24.5 to 20.3 because of an increased hydrophilic property of the surface after the hydroxylation.
Second, the hydrophilic TCO substrate was treated with a bifunctional organosilane compound of which one side contains a functional group such as -NH2, -SH or -COOH to interact with Pt NP, and the other side contains a Si-O-Si bond to form a densely packed silane SAM on the surface of TCO. In our approach, the OH-modified TCO substrate was dipped into a solution containing 3-mercaptopropyl(trimethoxysilane) (MPTMS, 0.56 M) in ethanol at 295 K to create the thiolfunctionalized silane SAM film on TCO. After this treatment, the contact angle of water on the TCO surface increased to 70.0, which is consistent with the literature report (69), 25 which confirmed the formation of a dense MPTMS monolayer on TCO.
Preparation of mono-dispersed Pt NP solutions controlled by pH
The solution containing mono-dispersed Pt NP was prepared by the polyol chemical reduction. The key to produce a clean surfactant-free SAM-Pt surface with enhanced IRR activity is to control the size of the Pt NP with sufficient uniformity in the polyol solution. In our approach, the pH of the solution was adjusted in a range 1.5  5.6 to control the formation of Pt NP and to avoid the aggregation of Pt NP in the solution. The effect of pH on formation of Pt NP was easily observed from the suspensions in the solutions (insets of Figure 2 ), and confirmed with the absorption spectra shown in Figure 2 . The spectrum of the starting material, the yellowish
H2PtCl6/EG solution, shows a maximum absorption at 268 nm assigned to the transition involving ligand-to-metal charge transfer (LMCT) of the H2PtCl6 precursor. 30 As the reduction of Pt IV to Pt 0 by EG proceeded, the absorption at 268 nm decreased and eventually disappeared when the reduction was complete. Particles of large size would induce Mei scattering that is indicated by the large offsets in the absorption spectra. As a result, the offset absorbance was large at pH 1.5 (no NaOH added), and decreased with increasing pH until pH 3.7, indicating that the size of polyolreduced Pt NP had a tendency to depend on pH 1.5 > 2.0 > 3.7. At pH 5.6, the reduction was too slow to be completed within a typical reaction period (4 h); the corresponding spectrum retained the LMCT characteristic of the precursor. The kinetics of the reduction must play an important role to control the crystal growth to form Pt NP of varied size as we have observed here.
Effect of aggregation of Pt NP on TCO under varied pH conditions
We fabricated the Pt CE using the four polyol solutions shown in Figure 2 with dip coating near 295 K, demonstrated in Scheme 1. Figures 3a-3d show the surface morphologies of the TCO substrates decorated with Pt NP solutions prepared at pH 1.5, 2.0, 3.7 and 5.6, respectively. At pH without added base, the Pt IV species was rapidly reduced to Pt 0 (mechanism to be discussed), and a uniform growth of crystals was difficult to generate in that condition. As a result, irregular nanoclusters formed through agglomeration of Pt NP with uneven coverage on the surface of the TCO substrate (Figure 3a) . At pH 2.0, the Pt nanoclusters became smaller and aggregated to form a branch-like structure; the size distribution and the surface coverage were, however, still poor ( Figure 3b ). When the pH was increased to 3.7, a uniform morphology of Pt NP with particle size less than 10 nm was observed (Figure 3c ), which is consistent with the EDS mapping image of elemental Pt ( Figure S1 , SI) showing a well dispersed coverage of SAM-Pt (to be proved with the TEM images) on the TCO surface. As the pH was increased to 5.6, the formation of Pt NP on TCO was scarcely observable in the SEM images (Figure 3d ), consistent with the absorption spectrum shown in Figure 2 , because reduction was slow with NaOH at a large concentration. 
Mechanism of polyol reduction under varied pH conditions
Why did the reduction in the polyol reaction become slower in the presence of NaOH? To answer this question, we performed controlled experiments for the reaction to attain optimal conditions (temperature 110 C and time 4 h) at pH 3.7; the results appear in Figure S2 , SI. The intensity of the characteristic LMCT feature at 268 nm decreased during the first 10 min when the temperature increased to 53 C, but slightly increased as the reaction temperature reached 70 C;
afterwards, the intensity of the LMCT signal decreased rapidly as the reduction proceeded. Under the condition 70 C without added NaOH (pH 1.5), we observed that the original LMCT feature diminished significantly and was accompanied with a new band at 249 nm ( Figure S3 , SI 
Formation of true SAM-Pt on TCO
To prove the formation of a real self-assembled monolayer of Pt NP on TCO surface, we examined the surface morphology of the SAM-Pt/FTO substrate using a high-resolution transmission electron microscope (HRTEM). Figures 4a-4d show HRTEM images at four magnifications for the SAM-Pt/FTO CE fabricated according to the approach above (pH 3.7). A thin layer of a SAM-Pt film with a uniform distribution of size produced on the surface of FTO was unambiguously observed according to these HRTEM images; this observation consolidates our concept to design the SAM-Pt material as CE for DSSC. Based on the morphology of the SAM-Pt film clearly shown in Figure 4c , we estimate the size distribution of the Pt NP according to a statistical analysis of the individual nanoparticles, which yields a mean particle size 3 nm with a narrow distribution ( Figure S4 , SI). The homogeneous Pt NP uniformly covered the surface of the substrate, insensitive to the topography of the substrate, even on the rough surfaces of FTO and ITO. We expect that an excellent binding interaction was created between the uniform Pt NP and the surface modified with silane SAM as clearly demonstrated in Scheme 1. Besides, the size of Pt NP was controlled to such a small scale, ~3 nm, that is beneficial to maximize the surface area for great catalytic performance with less Pt loading, as required for commercialization.
The inset of Figure 4d shows the fine lattice structure of the Pt NP, indicating the distance between the adjacent lattice fringes to be 0.23 nm, which agrees with the interplanar spacing of the {111} facets in the platinum lattice. Hou et al. 16 reported that Pt (111) shows the fine structure of the Pt lattice with distance 0.23 nm between the (111) facets.
Photovoltaic performance and electrocatalytic activity of SAM-Pt CE for DSSC
To investigate the device performance of DSSC, we prepared SAM-Pt CE of two types, one on thermally stable FTO (8/) and the other on thermally unstable ITO (2.8/) substrates.
For comparison, we fabricated the Pt CE using TD to deposit Pt on FTO, and CED to deposit Pt on ITO under the same experimental conditions. 19 Figures 5a and 5b show the current-voltage characteristics and the corresponding IPCE action spectra, respectively, with the devices made of a stable Z907 dye (shown in Figure 5b ). 31 Figure 5c shows the cyclic voltammograms (CV) of the I  /I3  redox couple for the corresponding counter electrodes; Figure 5d shows electrochemical impedance spectra (EIS) for the corresponding devices with the theoretical fits according to an appropriate equivalent circuit model. 32 The corresponding photovoltaic and EIS parameters are summarized in Table 1 . In general, the efficiencies of power conversion of these devices are similar, but the ITObased devices perform slightly better than the FTO-based devices because of smaller series resistance (Rs; Table 1) of the former than the latter. The ITO substrate is, however, thermally unsustainable, so that the traditional TD treatment becomes impracticable. The best device was made of the CED-Pt/ITO substrate because of its superlative CV characteristics (Figure 5c ) and small impedance for charge transfer at the counter electrode/electrolyte interface (Rct; Table 1) . A large Pt loading is required for the CE generated with the CED method: the amount of Pt loading was determined with an inductively coupled plasma mass spectrometer (ICP-MS), for which the ratios of Pt loading were determined to be 1.0, 1.2 and 25.8 for the CE made of SAM-Pt, TD-Pt and CED-Pt, respectively. The Pt loading on the TCO substrate is an important factor to consider for the future commercialization of DSSC. The excellent device performance with a minimum Pt loading recommends the monolayer-deposited SAM-Pt materials to have a great opportunity as potential CE for commercialization. [a] The Pt CE were fabricated using the techniques of thermal decomposition (TD), cyclic electrodeposition (CED) and self-assembled monolayer (SAM) deposited on either a fluorine doped tin oxide (FTO) or an indium tin oxide (ITO) glass substrate.
Conclusion
In the present work, we have developed a strategy of nanofabrication to prepare monolayers of platinum nanoparticles self-assembled on a rough surface of TCO in two steps: first, preparation of a well dispersed Pt NP solution from polyol reduction at 110 C at a pH well controlled on adding NaOH; second, dipping the SAM-functionalized TCO substrate, prepared beforehand using 'piranha' and MPTMS surface treatments in turn, into the Pt NP solution near 295 K to complete the fabrication of the SAM-Pt CE for DSSC. The pH plays a key role in the reduction kinetics to control the size of the Pt NP formed in the polyol solution. The best condition was found at pH 3.7, at which the aggregation of Pt NP on the TCO surface is entirely avoided, as made evident with the SEM and EDS mapping images. A true self-assembled Pt nanocrystalline monolayer with mean particle size 3 nm exposed at facet {111} uniformly deposited on the surface of TCO was unambiguously observed via the HRTEM images. The uniform SAM-Pt film with a narrow distribution of size can be produced on TCO without a stabilizer, so that the traditional thermal treatment at high temperatures is no longer necessary. The uniform nature of the SAM-Pt film has the advantages of minimizing the amounts of Pt loading and optimizing the catalytic function on the TCO surface. The DSSC devices prepared according to this SAM-Pt approach attained notable photovoltaic performance (= 9.2 %) comparable to those fabricated with a conventional TD method (= 9.1 %) or a CED method (= 9.3 %) under the same experimental conditions. We emphasize that the SAM-Pt films feature a clean surface (no thermal treatment is necessary), uniform morphology, narrow size distribution, small Pt loading and great catalytic activity; the present approach is hence not only suitable for DSSC but also promising for many other energyrelated applications requiring platinum as an efficient catalyst to expedite the oxygen reduction reactions (ORR). CED-Pt CE. Cyclic electrodeposition was used to fabricate CED-Pt CE at 295 K with an electrochemical system (Electrochemical Workstation, CHI 621) and a three-electrode system. 19 The TCO substrates were immersed into a aqueous solution containing NaNO3 (5 mM) and 
Electrochemical measurements
Electrocatalytic measurements of the tri-iodide reduction were performed in CH3CN solution 
Device fabrication and characterization
TiO2 nanoparticles were prepared with a normal sol-gel/hydrothermal method. A paste composed of TiO2 NP (particle size ~20 nm) was coated with screen printing on a TiCl4-pretreated FTO glass (8 /). A scattering layer (ST41, Ishihara Sangyo Kaisha, Japan, particle size ~300 nm) was screen-printed additionally on the active layer to improve the performance of the solar cell. The thickness of the transparent active layer was ~14 m and that of the scattering layer ~5 Supporting Information (SI) available: Platinum EDS mapping images of the SAM-Pt counter electrode ( Figure S1 ), UV/visible absorption spectra of polyol solutions ( Figures S2 and S3 ) and size distribution of Pt nanocrystals ( Figure S4 ).
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